Non-destructive evaluation of localised heat damage occurring in carbon composites using thermography and thermal diffusivity measurement by Addepalli, Sri et al.
Measurement 131 (2019) 706–713Contents lists available at ScienceDirect
Measurement
journal homepage: www.elsevier .com/locate /measurementNon-destructive evaluation of localised heat damage occurring in carbon
composites using thermography and thermal diffusivity measurementhttps://doi.org/10.1016/j.measurement.2018.09.040
0263-2241/ 2018 The Authors. Published by Elsevier Ltd.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
⇑ Corresponding author at: TES Centre, B30, SATM, Cranfield University, Cranfield
MK43 0AL, United Kingdom.
E-mail address: p.n.addepalli@cranfield.ac.uk (S. Addepalli).Sri Addepalli ⇑, Yifan Zhao, Rajkumar Roy, Wathsala Galhenege, Marine Colle, Jingjing Yu, Aziz Ucur
Through-life Engineering Services Centre, Cranfield Manufacturing, Cranfield University, Cranfield MK43 0AL, United Kingdom
a r t i c l e i n f oArticle history:
Received 23 July 2018
Received in revised form 13 September
2018
Accepted 16 September 2018
Available online 17 September 2018
Keywords:
Carbon composites
Non-destructive testing
Thermographya b s t r a c t
Carbon fibre reinforced polymer (CFRP) composites are now a common occurrence in the aerospace sec-
tor especially with their introduction into the aero-engine. With their ever-increasing use in harsh and
extreme environments, it is important to understand their behaviour and performance when exposed
to such working conditions. This paper presents a novel approach to understand the thermal degradation
mechanism of CFRP composites based on the measurement of thermal diffusivity through non-
destructive testing (NDT) when exposed to heat in a localised area. The study explored the suitability
of pulsed thermography in detecting the physical damage caused due to localised heat exposure together
with its ability to identify chemical change that occurs during the initial stages of exposure. The results
showed the ability of thermography in detecting discolouration damage through the use of diffusivity
measurements acquired by reconstructing the thermography dataset.
 2018 The Authors. Published by Elsevier Ltd. This is an openaccess article under the CCBY license (http://
creativecommons.org/licenses/by/4.0/).1. Introduction
The technological advancements in the area of advanced manu-
facturing over the last century have been a major driver for the
introduction of advanced materials in the aerospace and automo-
tive sectors. The aerospace industry has always been regarding
the need for structural materials that are less dense, high in
strength and are impact – abrasion – corrosion resistant. Carbon
fibre reinforced polymers (CFRP) parts have now become the front
runner due to their improved strength to weight ratio [1,2]. How-
ever, these composite materials are relatively new and their mate-
rial properties are not fully defined. In fact, the earliest evidence of
the introduction of CFRP in civil aviation applications came in the
70’s with steady progress to specific application: such as primary
airframe structure, in the late 90’s [3]. Though these materials pro-
vide a better alternative to traditional metal counterparts, a num-
ber of limitations ranging from damage detection and
characterisation for damage such as delaminations, disbonds,
barely visible impact damage (BVID), water ingress and their
repairability in service continue to be a challenge to the industry
[4]. It must be understood that, the main reason for the uncertainty
in the behaviour of the laminate with defects and damage underload is that fact that they are heterogeneous and anisotropic in nat-
ure and thus differ from their metallic counterparts.
1.1. Background
Literature indicated that the previous attempts to investigate
damage created due to heat exposure was mainly in the 90’s with
more recent papers focussing on non-destructive evaluation (NDE)
methods [5,6]. One of the major focuses of this paper is looking at
the degradation process that occurs during the exposure of
extreme temperature in a localised area and the laminates’
response to such conditions. Research indicated that most of these
studies look at uniform heat damage investigation with very lim-
ited information on the behaviour of CFRP when exposed locally
[7–9]. Heat damage typically could occur as a result of fire or dur-
ing service operations where they can be exposed to hot gasses,
lightning strike, jet engine efflux during landing and exhaust from
the jet engine [5,10]. Most of these degradations occur in localised
areas and could go undetected. Thus, it is pivotal to understand and
characterise such damage to prevent any catastrophic failure.
1.2. Heat damage
The damage created due to high temperature exposure on a
composite material is referred to as heat damage and is a result
of irreversible thermodynamic change that results in a physical
and or chemical change. Studies have indicated that there are
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damage [5,6]. Physical damage is characterised by various forms
of cracks, disbonds, delaminations and blisters. They are created
when the exposure temperature exceeds the materials glass tran-
sition temperature (Tg) [5]. On the other hand, incipient heat dam-
age may not show any characteristic physical features that can be
visually detected as they are created at a lower temperature expo-
sure [10].
The damage creation is dependent on the selected heat source,
the rate and amount of energy applied and the mode of applica-
tion; conduction, convection or radiation [5,9,10]. In order to char-
acterise damage, it is important to understand the impact of
various factors such as material properties, impact of environment,
the degradation process and the characteristic features of the dam-
age created.
The performance of composites is primarily dependent on the
material constituents such as the matrix composition, the type of
resin and lay-up where the manufacturing processes determine
the material characteristics of the laminate. Though the resin is
non-conducting in nature, it can be understood that heat propa-
gates through the fibres, them being conductive and thus their ori-
entation and volume fraction control the thermal properties of the
laminate, especially the carbon – graphene based composites
[11,12]. Optimum curing is necessary as either under or over cur-
ing could result in a large variation in the laminates thermal prop-
erty [13]. Studies indicate that moisture absorption over time is a
major factor that contributes to environmental degradation where
it alters the laminates durability leading to change in mechanical,
chemical and thermo-physical properties [14]. With the presence
of moisture, plasticisation can occur when exposed to extreme
temperatures leading to permanent deformation. In addition to
moisture, ultraviolet or UV degradation, foreign object contamina-
tion (chemical and biological), impact damage and fatigue are
other environmental factors that affect the properties of CFRP lam-
inates [14,15].
1.2.1. Thermal degradation process
There is significant evidence that the degradation attacks the
matrix first, it being the most sensitive and reactive to heat and
then the fibres [16–18]. On extended heat exposure, the resin
starts degrading resulting in material oxidation and or pyrolysis
which includes processes ranging from gas decomposition through
to charring of the laminate [17].
Chemical degradation is mainly resin dominated and occurs
before the formation of any physical damage such as cracks, blis-
ters and delamination. Exposure to high temperatures results in
depolymerisation, random chain scission, side group elimination
and carbonisation of the composite. The initial exposure oxidises
the matrix and can be characterised by a visible surface discoloura-
tion and is a result of cross-linking process that contributes to the
release of volatile gases. Extended heat exposure further leads to
charring as a result of resin pyrolysis [19,20]. It was reported that
mass variation characterisation through Thermogravimetric Analy-
sis recorded a mass loss due to volatilisation of the monomer con-
firming the loss of overall mass due to chemical degradation [21].
On the other hand, the physical irreversible damage is a result of
rapid change through the glass transition temperature due to ther-
modynamic inequilibrium. It should be understood that thermal
conductivity of the material plays a major role in the heat diffusion
process especially during solidification and leads to change in the
material density of the laminate creating free volume, residual
mechanical stress and excess energy in the matrix [22].
1.2.2. Damage detection and characterisation using NDT
NDT techniques are those methods that determine the health of
the component without causing further damage to the part beinginspected [23]. As discussed, in the case of heat damage, NDT tech-
niques such as thermography, ultrasonic testing and spectroscopy
exist which provide an understanding of the damage occurring as a
result of extreme temperature exposure [10]. Pulsed thermography
has proven advantage of fast inspection with specific advantage of
detecting defects and damage occurring in CFRP composites
[24,25]. Studies also indicated that thermography and ultrasonic
testing are not sensitive enough to detect incipient heat damage
where there is minimal or no physical damage that is easily detect-
able with this technique with the diffuse reflectance infrared Four-
ier transform spectroscopy or DRIFT being the only other technique
capable of monitoring chemical changes [5,10]. Where techniques
like Fourier transform infrared spectroscopy (FTIR) are capable of
detecting chemical damage, the ready and robust nature of pulsed
thermography with additional suitability aspects such as large area
‘in-field’ inspection scenarios make it a more attractive alternative
technology. The present study thus establishes the applicability of
pulsed thermography in detecting discolouration damage through
the use of surface diffusion measurements reconstructed from the
acquired thermal data.2. Methods & materials
This paper presents the research taken up to identify, classify
and understand the characteristics of heat damage occurring in
composites on a local area and presenting not just a damage cre-
ation method, but the establishment of a competitive technology
to detect and establish incipient damage. For the scope of this
study, a parametric experimental study was introduced to obtain
repeatable and reliable results at the damage creation, damage
detection and analysis stages. The local heat exposure was initially
characterised by selecting a temperature range, based on the lam-
inates response to the glass transition temperature of 195 C and
identified through numerous preliminary tests [26]. Based on the
selected temperature range, multiple sets of experimentation were
carried out to determine the effect of different exposure tempera-
tures on degradation process over time. The following subsections
clearly define the experimental specifications and plan.
2.1. Sample manufacture
For this study, HexPly M21/T800H unidirectional carbon-epoxy
prepreg was chosen due to its good tensile strength of 2860 MPa
and a high glass transition temperature of 195 C [26]. The lami-
nates were manufactured in a traditional autoclaving process to
a quasi-isotropic layup to acquire 30 samples of
150  100  4 mm. The sample thickness of 4 mm was selected
based on the requirements for the short beam test as per the stan-
dard ISO 14130.
2.2. The experimental plan
Composite laminates post manufacture were carefully marked
for repeatability and weighed to capture the weight after manufac-
ture. They were then inspected for any surface inconsistencies and
the same was recorded together with a pulsed thermography
inspection of both sides of the sample. They were then exposed
to localised heat using a hot air heat gun to achieve various levels
of damage. The samples were subjected to visual inspection, pulsed
thermography and was followed by ultrasonic immersion test to
confirm damage. It should be noted that there was at least one
‘as-manufactured’ sample as a reference for all tests and 3 repeat
samples with the same level of degradation were used for each test
to achieve repeatability. Based on preliminary tests the following
test routines were established;
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Heat Exposure) and exposure time of 2, 5 and 30 min respec-
tively (Time to initial crack: 5 min).
Experiment 2: Varying exposure temperatures of 340.8 C (Low
Heat Exposure) for 220 min and 473.2 C (High Heat Exposure)
for 0.25 min, based on time to initial crack.
For ease of understanding the following nomenclature of sam-
ples will be used for the entirety of the paper (see Table 1). It
should be noted that the exposure temperatures indicated above
were measured using a calibrated infrared radiometer due to the
uncertainty associated with the indicated temperature on the hot
air gun. The random error was also calculated and averaged across
all thirty exposures, and the exposure temperature was recorded
from the reflected temperature on the heat exposed area of the
laminate at the time of exposure.
2.3. Experimental setup
In order to maintain repeated presentation of the part, the rig
was setup as seen in Fig. 1. The setup consisted of a heat gun with
electronic temperature controller; two custommade holders set on
the stand, the height of which was set using a Vernier height gauge
with an accuracy of ±0.02 mm. The holder was designed to match
the precise location of the sample and maintain repeatability. For
the selection of a suitable heat source a range of heat sources were
explored during the research and included systems that used laser,
infrared and resistive heating methods. With an approach to repre-
sent an in-field scenario, a hot air gun was finalised as the heat
source.
2.4. Non-Destructive testing techniques
The following non-destructive evaluation techniques were used
to detect and quantify damage
 Visual inspection using a digital camera and an optical
microscope.Table 1
Test samples nomenclature.
Name Heat exposure (C) Exposure time (min)
S1 No heat exposure
M2 386.2 2
M5 386.2 5
M30 386.2 30
L220 340.8 220
H1 473.2 0.25
Fig. 1. Heat exposure test rig. Pulsed thermography inspection was performed using
ThermoScopeII which included two flash lamps (25KJ nomi-
nal), a computer control unit and a cooled, quantum detector
based infrared radiometer, FLIR SC7600MB, with a maximal res-
olution of 640  512 pixels. The flash pulse length of 10 ms (ms)
was set to achieve the required rise in surface temperature cor-
responding to a 2KJ (nominal) surface energy exposure over an
area of 250  200 mm [24]. All data was captured at an acquisi-
tion framerate of 25 Hz over a time of 20 s (500 frames in total).
 The ultrasonic testing (UT) was conducted for damage valida-
tion using a pulse-echo double transmission immersion system
that used a Techsonic 5 MHz probe with a diameter of 5in. The
water path was set to 75 mm to the reference reflector glass
plate with a resolution of 1  1 mm.
2.5. Thermal diffusivity measurement
To better reveal the change of material property due to the
exposed heat, this paper proposes to use the surface thermal diffu-
sivity map estimated from the inspection data obtained using
pulsed thermography. In pulsed thermographic inspection, a short
and high energy light pulse is projected onto the sample surface
using flash lamps. Heat conduction then takes place from the
heated surface to the interior of the sample, leading to a continu-
ous decrease of the surface temperature. An infrared camera con-
trolled by a PC captures the time-dependent response of the
sample’s surface temperature. The time when the temperature
deviation occurs is used to estimate the thickness (if thermal diffu-
sivity is known) or the thermal diffusivity (if the thickness is
known) of local materials. The surface temperature due to the
back-wall at depth L for a homogeneous plate is given by [27]
T 0; tð Þ ¼ Qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
pqckt
p 1þ 2X1
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2L2
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where T 0; tð Þ is the temperature variation of the surface at time t, Q
is the pulse energy, q is the material density, c is the heat capacity, k
is the thermal conductivity of the material, R is the thermal reflec-
tion coefficient of the air gap interface, and a is the thermal
diffusivity.
A linear relation in the logarithmic domain with slope 0.5 as
Eq. (2) exists for time and temperature if both sides of Eq. (1) are
applied by the logarithmic operation [28].
ln T tð Þ½  ¼ ln Qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
pqckt
p
" #
 0:5ln tð Þ ð2Þ
The temperature response of any change in thermal material
property from structure, damage or defect will derivate from the
linear response. Shepard [29] proposed a Thermal Signal Recon-
struction (TSR) technique to reduce temporal noise using a high
order polynomial model to fit the temperature cooling curve. The
model can be written as
ln T tð Þ½  ¼
XN
i¼0
ai lnðtÞ½ i ð3Þ
where TðtÞ is the surface temperature at time t, N is the model
order, and ai are coefficients to be estimated. Once the unknown
coefficients aiare estimated by the least square method, the temper-
ature behaviour can be reconstructed to replace the raw data. The
first and second derivatives of ln T tð Þ½  with respect to lnðtÞ can be
calculated from the estimated coefficients directly, expressed as
dln T tð Þ½ 
dlnðtÞ ¼
XN
i¼1
aii  lnðtÞ½ i1 ð4Þ
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i¼2
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Shepard [29] proposed a Log Second Derivative (LSD) method to
estimate the depth of defect or thickness of sample by
L ¼ ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃtLSD  p  ap ð6Þ
where tLSD is the peak time of the second derivative if the thermal
diffusivity a is known. If the thickness of the sample is known,
the thermal diffusivity can be estimated by [30]
a ¼ L
2
tLSD  p ð7ÞFig. 3. Visual inspection results for laminates exposed to varying heat exposure;
Digital and microscopic images: (a) (c) L220, (b) (d) H1.3. Results
As described in the methodology section, various tests were
conducted before and after heat exposure. The following are the
results obtained using various NDT and mechanical tests.
3.1. Visual inspection
As describe previously, the samples were exposed to two differ-
ent sets of experiments. The set one had a set medium temperature
of 386.2 C with exposure durations set to 2, 5 and 30 min and set
two was exposed to low and high heat conditions. The visual and
microscopic indications obtained from set one are presented in
Fig. 2.
As the heat gun exhaust was circular, the damage formed in this
case was circular and were measured at 24 mm, 26 mm and
26 mm diameter respectively. It was observed that a 5-minute
exposure caused the initial crack and a 30 min exposure produced
extended cracks and blisters. As heating the laminate to the initial
crack was characterised by discolouration first, a 2-minute expo-
sure was set to capture initial discolouration to represent incipient
damage. The microscopic evaluation confirmed the observed fea-
tures as seen in Fig. 2, where (d) showed no significant difference;
(e) the initial crack and (f) showing the full-grown damage.
It can be observed from Fig. 3 that the sample with low heat
exposure (L220) showed the strongest discolouration around the
periphery of the damage, whereas the laminate with high heat
exposure (H1) showed only limited signs of discolouration evi-
denced by Fig. 3, suggesting that the discolouration is time depen-
dant. Further, it was observed that the high heat exposure did not
allow much discolouration to occur as the damage formation was
instantaneous, in this case at 0.25 min due to the high exposureFig. 2. Visual inspection results for laminates exposed to medium heat exposure;
Digital and microscopic images: (a) (d) M2, (b) (e) M5, and (c) (f) M30.temperature of 473.2 C exceeding the glass transition tempera-
ture of 195 C. Based on experimental trials, it can be reported that
a temperature exposure less than 340 C did not yield any physical
damage for exposure time exceeding 480 min.3.2. Pulsed thermography inspection
All samples were subjected to pulsed thermographic inspection
before and after heat exposure as mentioned in the methodology.
The inspection was performed as described by Zhao et al. [25].
The following is the traditional RAW thermal image obtained for
the medium heat 30-minute exposed laminate sampled at 0.28 s
from flash.
Fig. 4 clearly picked up the damage caused due to heat expo-
sure, which is also visible from a normalised line profile plot. How-
ever, it did not reveal the circular pattern as seen in the digital
image (Fig. 2(c)). Also, the sample M2 showed discolouration visu-
ally and did not show any thermal response to the discolouration
as presented by Fig. 5.
Fig. 6 shows the results of estimated surface diffusivity maps of
the considered samples.
It can be inferred from Fig. 6 that the medium heat exposed
laminates clearly picked up damage caused for the initial crack
(at 5 min) and extended char (30 min), but did not show major
change in terms of detecting the incipient damage characterised
by visible discolouration. Hence a statistical approach was adopted
where histograms were plotted from multiple trials. Fig. 7 shows
the results obtained from statistical analysis, where the histogram
of estimated thermal diffusivity values is plotted. The ‘as-is’ lami-
nate with no damage achieved an approximate Gaussian distribu-
tion confirming the thermal diffusivity of the laminate. As
expected, this distribution changed owing to the presence of dam-
age, with changes occurring even for the discolouration damage.
This is evidenced by higher sigma values (>0.0081 mm2/s) corre-
sponding to the laminate heat exposure conditions. It was also
observed that the sigma value increases with increase in exposure
time (0.0101, 0.0112 and 0.0117 mm2/s), indicating a larger dam-
age area evidenced by the deviation in the thermal diffusivity of
the laminate.
Though neither the thermograms nor the diffusivity maps pre-
sented any change associated with discolouration, the histogram
plot readily confirmed the presence of surface anomaly. Assuming
that non-exposed or virgin laminates exhibited a normal Gaussian
distribution when plotted for thermal diffusivity, the distribution
completely changed for the 5 min and the 30 min exposure condi-
tions where significant change in both the peak and coverage area
Fig. 4. RAW thermal image of the laminate M30 sampled at 0.28 s (left) and the normalised thermal line profile plot (right).
Fig. 5. RAW thermal image of the laminate exposed to medium heat for 2 min; and sampled at 0.28 s (left) and the normalised line profile plot (right).
Fig. 6. Surface diffusivity maps reconstructed for an area of 100  100 pixels using the LSD method for the laminate exposed to medium heat for (a) S1, (b) M2, (c) M5 and (d)
M30.
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Fig. 7. Histograms plotted for laminate with no exposure and those with medium heat exposure.
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exceeding that of 0.48 mm2/s as indicated by the virgin plate. It
can be established from Fig. 7 that the laminates exposed at a med-
ium heat for a 2 min exposure shifted the peak and the coverage
area (also evidenced by the increase in sigma value to
0.0101 mm2/s) and thus it does not follow the Gaussian distribu-
tion any more. Thus, pulsed thermography clearly picked up dis-
colouration through statistical analysis.
Again, the immersion UT results confirmed the presence of both
the initial and extended cracks but failed to detect the discoloura-
tion damage other than presenting a very minor amplitude change
near the exposed area as seen from Fig. 8(a) above.
A similar analysis of the laminates exposed to low and high
temperature exposure conditions clearly picked up damage on
the laminates (Fig. 9). The diffusion map for the high heat sample
represented data similar to the medium heat exposure laminates.
This is due to the fact that the crack formed instantaneously within
the first minute (0.25 min) indicating that the high stress to the
resin fibre matrix caused the crack to appear straightaway, leaving
limited or no time to undergo the extended degradation process of
discolouration and charring. However, the low heat 220 min expo-
sure caused severe localised damage as confirmed by low extended
peak from the histograms. This result was found to be in line with
the digital image obtained and presented in Fig. 3(a) above. It can
be concluded that the sample endured an extended degradation
process where there was continuous growth in the area of dis-
colouration which extended to the back surface of the laminate.
This feature was only noticed in the low temperature long expo-Fig. 8. Immersion UT amplitude image for laminate expsure condition concluding that the degradation process is depen-
dent on the exposure temperature and time.4. Discussion
The main aim of this study was to understand the thermal
degradation process when a CFRP laminate was exposed to heat
on a local area. A majority of the research, as indicated in the intro-
ductory sections, has been in the area of uniform heat exposure
where the laminates were fully exposed to set temperatures. This
work presents the findings of an alternate approach to understand
the degradation mechanism especially when the heat exposure is
localised. All experiments undertaken confirm the CFRP laminate’s
degradation process as found in the literature, with supporting evi-
dences presented through NDT measurements. The degradation
process is in line with the original literature that the degree and
the type of damage formed is related with both exposure temper-
ature (L220, H1) and time (M2, M5 & M30).
It was observed that both physical and surface breaking damage
were identified by both pulsed thermography and UT. Additionally,
the data presented new insights that pulsed thermography
revealed discolouration or incipient damage through statistical
analysis. It should be understood that this chemical damage has
only been picked up either visually or through FTIR as found in
the literature [31]. Whilst the strength of the laminate in response
to physical damage can be measured, it is a huge challenge to iden-
tify discolouration or incipient damage on a large structure,osed to medium heat for (a) M2; (b) M5; (c) M30.
Fig. 9. Thermal diffusivity maps (above) and histograms (below) for (a) L220 (b) H1.
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thus puts forth a pattern recognition method that not just identi-
fies chemical damage, but also provides a benchmark solution that
can be applied to large scale structures. The work presented is only
an initial effort to promote the applicability of pulsed thermogra-
phy to detect chemical or compositional change occurring in com-
posites exposed to harsh environmental conditions, and more in-
depth study is needed to improve the serviceability of such
advanced structures.
The statistical analysis assumed a Gaussian distribution as a ref-
erence to understand the ideal behaviour of the ‘as-is’ laminate.
The change in distributions as seen in Figs. 7 and 9 show that the
distribution has changed which can be evidenced not just by the
fitting but also the sigma values of the histograms.
It has been widely acknowledged that the accuracy of any mea-
surement is dependent on the uncertainties associated with the
measurement activity itself. Effort has been taken up to assess pro-
cess level uncertainties associated with thermography under a sys-
tem of a system context that identifies various uncertainties that
can affect the measurement [32]. This work only included the over-
all measurement of thermal diffusivity under the context of dam-
age identification with multiple trials being used to achieve
repeatability. Future work is envisaged to accurately measure var-
ious levels of incipient damage with an incorporated uncertainty
model.5. Conclusion
Studies indicated that the thermal degradation process is
dependent on the material, environmental condition and the heat
source. It can be concluded that thermal degradation process is
resin dominated around the glass transition temperature whose
characteristics could be classified into three levels of damage as
presented in the results sections.
This study confirmed not just the thermal degradation process
occurring in CFRP laminates, but also proposed a novel detection
method which combined the use of both traditional material prop-
erty measurement; in our case the thermal diffusivity measure-
ment and the box standard statistical approach for damage
assessment. This approach has enabled the transformation of avisual qualitative data with a firm quantitative outcome. Further,
this paper advances the applicability of pulsed thermography to
detect damage purely based on thermal diffusion characteristics
of the material and thus removing the technique’s dependence
on physical damage features.Acknowledgements
The authors would like to thank Dr Tim Barden, Rolls Royce and
Mr Jim Hurley and Mr Luke Oakey, Cranfield University for their
support in this work. This work was sponsored and supported by
the EPSRC Centre for Innovative Manufacturing in Through-life
Engineering Services (Grant No: EP/I033246/1). For access to the
data underlying this paper, please see the Cranfield University
repository, CORD, at DOI: 10.17862/cranfield.rd.3490688.References
[1] W.D. Callister, Materials Science and Engineering An Introduction, seventh ed.,
John Wiley & Sons Inc, 2007.
[2] A.K. Kaw, Mechanics of Composite Materials, Taylor & Francis Group, LLC,
2006.
[3] S. Feih, A.P. Mouritz, Tensile properties of carbon fibres and carbon fibre-
polymer composites in fire, Compos. Part A Appl. Sci. Manuf. 43 (2012) 765–
772.
[4] J.H. Heida, D.J. Platenkamp, In-service Inspection Guidelines for Composite
Aerospace Structures, in: 18th World Conference on Nondestructive Testing,
2012, pp. 1–14.
[5] G. Matzkanin, ‘‘Heat damage in graphite epoxy composites: degradation,
measurement and detection,” 1999.
[6] G.A. Matzkanin, Nondestructive characterization of heat damage in graphite/
epoxy composites, in: R.E. Green, K.J. Kozaczek, C.O. Ruud (Eds.),
Nondestructive Characterization of Materials VI, Springer US, Boston, MA,
1994, pp. 517–523.
[7] K.N. Street, A.J. Russell, F. Bonsang, Thermal damage effects on delamination
toughness of a graphite/epoxy composite, Compos. Sci. Technol. 32 (1988) 1–
14.
[8] G. Sun, Z. Zhou, X. Chen, J. Wang, Ultrasonic characterization of delamination
in aeronautical composites using noncontact laser generation and detection,
Appl. Opt. 52 (26) (2013) 6481–6486.
[9] I. Pelivanov, L. Ambrozinski, M. O’Donnell, Heat damage evaluation in carbon
fiber-reinforced composites with a kHz A-scan rate fiber-optic pump-probe
laser-ultrasound system, Compos. Part A Appl. Sci. Manuf. 84 (2016) 417–427.
[10] I.H. Dara, A. Ankara, G. Akovali, S. Suzer, Heat-damage assessment of carbon-
fiber-reinforced polymer composites by diffuse reflectance infrared
spectroscopy, J. Appl. Polym. Sci. 96 (4) (2005) 1222–1230.
S. Addepalli et al. /Measurement 131 (2019) 706–713 713[11] GE Aviation, ‘‘GE’s Composite Fan Blade Revolution Turns 20 Years Old,” 2015.
[Online]. Available: http://www.geaviation.com/press/ge90/ge90_20150226.
html. [Accessed: 26-Feb-2015].
[12] D. A. Kourtides, ‘‘Review of Thermal Properties of Graphite Composite
Materials,” 1987.
[13] H.H. Friis-Pedersen, J.H. Pedersen, L. Haussler, B.K. Storm, Online measurement
of thermal diffusivity during cure of an epoxy composite, Polym. Test. 25
(2006) 1059–1068.
[14] T. Nakamura, R.P. Singh, P. Vaddadi, Effects of environmental degradation on
flexural failure strength of fiber reinforced composites, Exp. Mech. 46 (2006)
257–268.
[15] S. Ray, R.P. Cooney, Chapter 9 – thermal degradation of polymer and polymer
composites, in: M. Kutz (Ed.), Handbook of Environmental Degradation of
Materials (Third Edition), third ed., William Andrew Publishing, 2018, pp. 185–
206.
[16] W.A. Sigur, ‘‘Ablation characteristics of graphite EPOXY.,” vol. 17, pp. 25–33,
1986.
[17] V. Biasi, G. Leplat, F. Feyel, P. Beauchêne, ‘‘Heat and mass transfers within
decomposing carbon fibers/epoxy resin composite materials”, in 11th AIAA/
ASME Joint Thermophysics and Heat, Transfer Conference (2014) 1–16.
[18] A.A. Wang, S.F. Ogale, ‘‘Influence of aging on transient and dynamic
mechanical properties of carbon fiber/epoxy composites,” SAMPE Q., 1989.
[19] K.-S. Lee, K.Y. Lin, Degradation growth in polymeric composites at elevated
temperature, Am. Inst. Aeronaut. Astronaut. (1999) 1840–1846.
[20] C.L. Beyler, M.M. Hirschler, ‘‘Thermal Decomposition of Polymers,” in SPE
Handbook of Fire Protection Engineering, 2001, pp. 1-110-1–131.
[21] I.L. Santana, L.M. Gonçalves, J.J.S. Ribeiro, J.R.M. Filho, A.A. Cabral Jr., Thermal
behavior of direct resin composites: glass transition temperature and initial
degradation analyses, Rev. Odonto Cienc. 26 (1) (2011) 50–55.[22] A.J. Slifka, T. Hall, E.S. Boltz, Thermal evaluation of scorched graphite-epoxy
panels by infrared scanning volume, J. Res. Natl. Inst. Stand. Technol. 108 (2)
(2003) 151–156.
[23] S. Addepalli, R. Roy, D. Axinte, J. Mehnen, ‘‘‘In-situ’ Inspection Technologies:
Trends in Degradation Assessment and Associated Technologies,” in Procedia
CIRP, 2017, vol. 59.
[24] S. Addepalli, L. Tinsley, Active thermography in through-life engineering,
Through-life Eng. Serv. (2014).
[25] Y. Zhao, L. Tinsley, S. Addepalli, J. Mehnen, R. Roy, A coefficient clustering
analysis for damage assessment of composites based on pulsed thermographic
inspection, NDT E Int. 83 (2016).
[26] Hexcel, ‘‘HexPly  M21 - Product Data Sheet - EU Version,” pp. 1–6, 2015.
[27] S.K. Lau, D.P. Almond, J.M. Milne, A quantitative analysis of pulsed video
thermography, NDT E Int. (1991).
[28] H.I. Ringermacher, R.J. Archacki Jr., W.A. Veronesi, ‘‘Nondestructive Testing:
Transient Depth Thermography,” 5,711,603, 1998.
[29] S.M. Shepard, Reconstruction and enhancement of active thermographic image
sequences, Opt. Eng. (2003).
[30] Y. Zhao, J. Mehnen, A. Sirikham, R. Roy, A novel defect depth measurement
method based on Nonlinear System Identification for pulsed thermographic
inspection, Mech. Syst. Signal Process. 85 (Feb. 2017) 382–395.
[31] R. Toivola, F. Afkhami, S. Baker, J. McClure, B.D. Flinn, Detection of incipient
thermal damage in carbon fiber-bismaleimide composites using hand-held
FTIR, Polym. Test. 69 (February) (2018) 490–498.
[32] A. Grenyer, S. Addepalli, Y. Zhao, L. Oakey, J.A. Erkoyuncu, R. Roy, Identifying
challenges in quantifying uncertainty: case study in infrared thermography,
Procedia CIRP 73 (2018) 108–113.
